[1] The upper troposphere/lower stratosphere (UTLS) region plays an important role in the climate system. Changes in the structure and chemical composition of this region result in particularly large changes in radiative forcings of the atmosphere. Quantifying the processes that control UTLS composition (e.g., stratosphere-troposphere exchange) therefore represents a crucial task. We assess the influence of uncertainties in the atmospheric mixing strength on global UTLS distributions of greenhouse gases (water vapor, ozone, methane, and nitrous oxide) and associated radiative effects. The study is based on multiannual simulations with the Chemical Lagrangian Model of the Stratosphere (CLaMS) driven by ERA-Interim meteorological data and on a state-of-the-art radiance code. Mixing, the irreversible part of transport, is controlled by the local horizontal strain and vertical shear of the atmospheric flow. We find that simulated radiative effects of water vapor and ozone, both characterized by steep gradients in the UTLS, are particularly sensitive to uncertainties of the atmospheric mixing strength. Globally averaged radiative effects are about 0.72 and 0.17 W/m 2 for water vapor and ozone, respectively. For ozone, the largest impact of mixing uncertainties is observed in the extra-tropical lower stratosphere.
Introduction
[2] The atmospheric region of the upper troposphere/lower stratosphere (UTLS) plays a crucial role in the climate system. Changes in temperature as well as in distributions and concentrations of radiatively active gases in the UTLS result in particularly large changes in radiative forcings, which trigger climate change [Intergovernmental Panel on Climate Change, 2007] . In spite of its immense significance, the UTLS is one of the least understood regions of the atmosphere. This is a result of its great dynamic, microphysical and chemical complexity. Projections of future climate change are therefore subject to uncertainties in model representations of UTLS temperature and chemical composition and their changes in a changing climate.
[3] Multimodel intercomparisons show significant differences in UTLS concentrations of water vapor and ozone, two important greenhouse gases, with global distributions mainly depending on the details of the presentation of underlying processes [e.g., Gettelman et al., 2010; Hegglin et al., 2010; SPARC CCMVal, 2010] . Stevenson et al. [2006] point to large model differences in the representation of stratospheretroposphere exchange (STE) that result in considerable uncertainties in the simulated ozone budget, in particular in the upper troposphere. Solomon et al. [2010] highlight that global models are rather limited in their representation of key processes determining the distribution and variability of lower stratospheric water vapor. Consequently, observed long-term variations of water vapor in this region are not adequately reproduced by these models, although they represent an important driver of climate change on decadal timescales.
[4] In this paper, we assess the influence of current uncertainties in the atmospheric mixing strength on global UTLS distributions of greenhouse gases (water vapor, ozone, methane, and nitrous oxide) and associated radiative effects. The study is based on multiannual simulations with the Lagrangian CLaMS model [McKenna et al., 2002a [McKenna et al., , 2002b Konopka et al., 2010 , and references therein] driven by ECMWF ERA-Interim meteorological data [Simmons et al., 2006] .
[5] Atmospheric mixing, the irreversible part of transport, is controlled by a critical deformation of the flow g c (expressed as critical Lyapunov coefficient l c ). A brief description of this concept and the deduction of the critical mixing parameterl c is given in Section 3.1. In order to assess the sensitivity of the simulation results on uncertainties in the atmospheric mixing strength, l c is varied within current uncertainty limits. The impact of associated trace gas variations on the radiative effects of important greenhouse gases (water vapor, ozone, methane, and nitrous oxide) is calculated using a state-of-the-art radiation scheme [Edwards and Slingo, 1996] .
[6] In Section 2, we demonstrate the large sensitivity of surface temperature to composition changes in the UTLS. The composition of the UTLS is, in turn, governed by rather complex processes such as stratosphere-troposphere exchange (STE). Section 3 gives a description of the CLaMS model and the setup used for our simulations. The sensitivity of simulated concentrations and spatial distributions of water vapor, ozone, methane, and nitrous oxide to uncertainties of the atmospheric mixing strength is described in Section 4. The results are interpreted in terms of the radiative effect (differences in radiative fluxes) of the uncertainty of atmospheric mixing strength. Section 5 gives a brief summary and discussion.
2. The Role of the UTLS for Radiative Forcings 2.1. Sensitivity of Surface Climate to UTLS Composition
[7] The upper troposphere/lower stratosphere (UTLS) refers to the region in the atmosphere that spans a height interval from about 6 to 25 km including the cold tropopause. The UTLS is a region of rather low temperatures and plays an important role for atmospheric cooling to space and radiative forcings of the atmosphere. The radiation balance of the UTLS is predominantly controlled by temperature, spatially highly variable concentrations of greenhouse gases such as water vapor and ozone, and well-mixed greenhouse gases such as carbon dioxide (CO 2 ), methane (CH 4 ), nitrous oxide (N 2 O), chlorofluorocarbons (CFCs), and ice clouds (cirrus). Even small changes of temperature, greenhouse gases, and the abundance of cloud particles can have a significant impact on atmospheric radiative forcings [e.g., Forster and Shine, 1997, 2002; Zhang et al., 2004] . Consequently, surface climate exhibits a large sensitivity to temperature and composition changes in the UTLS.
[8] In general, the height-integrated radiative forcing of surface temperature for changes in the vertical distribution of trace gases can be obtained by integrating a height-dependent sensitivity function (or weighting function) with heightdependent changes in the vertical trace gas concentration [e.g., Lacis et al., 1990; Solomon et al., 2010] .
[9] Figure 1 shows 2D sensitivity functions (altitude x latitude grid) calculated for ozone (Figure 1, left) , water vapor (Figure 1, middle) , and methane (Figure 1, right) on the basis of a reference atmosphere constructed from ECMWF reanalysis data [see Rap et al., 2010] . The values shown in Figure 1 were obtained by calculating the radiative effects of trace gas perturbations (increases) at all grid points individually, leaving concentrations at other grid points unchanged. Trace gas values of the reference atmosphere were modified either by fixed unit mass (Figure 1, top) or by 1% increases (Figure 1, bottom) . Figure 1 shows radiative effects that have been normalized for each trace gas to the maximum value obtained. The resulting 2D sensitivity functions highlight the importance of trace gas changes in the UTLS for surface climate. These 2D sensitivity functions represent a challenge for climate projections, because the spatial distributions (and changes) of important greenhouse gases in the UTLS result from complex interactions of numerous atmospheric processes that operate at different spatial and temporal scales. Stratosphere-troposphere exchange (STE) plays a dominant role in this context. Simulations of STE, in turn, crucially depend on the advection and mixing schemes used by models. Before coming back to this in Section 4, we give a brief overview of current knowledge of the complexity of STE and its underlying transport and microphysical processes.
Variability of UTLS Composition Resulting From STE
[10] Important greenhouse gases such as water vapor and ozone, with steep gradients between their tropospheric and stratospheric mixing ratio values, exhibit large spatial and temporal variability in the UTLS as a result of stratospheretroposphere exchange. Prominent underlying processes are the Brewer-Dobson circulation, quasi-horizontal isentropic transport between the tropical tropopause layer (TTL) and the extra-tropical lowermost stratosphere (LMS), and vertical transport from below by convection.
[11] Transport of air from the troposphere deep into the stratosphere occurs mainly in the tropics and is associated with the ascending branch of the large-scale Brewer-Dobson circulation, which connects the tropical tropopause layer (TTL) [see Fueglistaler et al., 2009] with the deep stratosphere. The tropical upwelling of air is balanced by poleward transport and net downwelling (timescale of years) in the extra-tropics. There is also evidence for a fast (shallow) component of the Brewer-Dobson circulation [e.g., Birner and Boenisch, 2011; Garny et al., 2011] that connects the tropics with the subtropics in a more direct manner.
[12] Global observations of HCN, a pollutant produced by biomass burning, indicate that during the northern hemispheric summer the Asian monsoon circulation provides an important pathway for air masses from the troposphere into the ascending branch of the Brewer-Dobson circulation in the lower stratosphere [Randel et al., 2010] . Another prominent feature of the Asian monsoon circulation in terms of stratosphere-troposphere exchange is the presence of an anticyclone located in the upper troposphere extending from Asia to the Middle East. At the edge of this anticyclone, extratropical stratospheric air is transported equatorwards, significantly affecting trace gas budgets (e. g., ozone) in the upper part of the TTL [e.g., Konopka et al., 2010] .
[13] Bi-directional quasi-horizontal transport of air across the edges of the subtropical jet plays an important role in connecting the tropical troposphere (including the TTL) with the extra-tropical lowermost stratosphere. The quasihorizontal transport between the upper TTL in the tropics and the lowermost stratosphere in the extra-tropics is triggered by disturbances of the subtropical jet by Rossby waves (timescales of days to weeks). A prominent feature in the extra-tropical UTLS is the extra-tropical transition layer (ExTL), a region in the vicinity of the tropopause that is strongly influenced by stratosphere-troposphere exchange. A comprehensive overview of the various transport processes governing the composition of the extra-tropical UTLS is given in the review paper by Gettelman et al. [2011] .
Challenges in Modeling UTLS Composition
[14] It is a challenging task to model all the complex transport processes described in the previous subsection as well as their spatial and temporal variability. Steep trace gas gradients and small-scale filamentary structures play an important role in the transport processes sketched above. Reliable transport schemes therefore represent a prerequisite for a quantitative representation of important greenhouse substances in the UTLS.
[15] Stenke et al. [2008] demonstrated that an unrealistic water vapor distribution in the UTLS region (e.g., insufficient representation of the strong vertical gradient with high mixing ratios in the troposphere and low mixing ratios in the stratosphere) is to a large extent responsible for the cold bias in the polar tropopause region and the cold pole problem in the polar lower stratosphere, a feature which is found in many atmospheric general circulation models (AGCMs) and chemistry climate models (CCMs). Ploeger et al. [2010 Ploeger et al. [ , 2011 highlighted the large sensitivity of UTLS composition (ozone and water vapor) to uncertainties in the representation of vertical advection by using a backward trajectory model driven by ERA-Interim meteorological data.
[16] In addition to uncertainties in advection, all Lagrangian and Eulerian transport schemes are subject to uncertainty concerning the influence of mixing, the irreversible part of transport. The influence of this uncertainty is investigated below on the basis of the Lagrangian model CLaMS, which contains a physically based adjustable parameterization of the atmospheric mixing strength.
Simulations

Mixing Concept of CLaMS
[17] The Chemical Lagrangian Model of the Stratosphere (CLaMS) is the first chemistry transport model (CTM) with a Lagrangian transport scheme where the concept of mixing based on the atmospheric flow deformation has been successfully realized [McKenna et al., 2002a [McKenna et al., , 2002b Konopka et al., 2004] . In regions of strong flow deformations, such as the subtropical jets, strong mixing occurs [Pan et al., 2006; Konopka et al., 2007; Vogel et al., 2011] , while in regions of weak flow deformations, mixing is also weak. CLaMS was originally developed for the stratosphere and recently extended to the troposphere [Konopka et al., 2007 . Figure 1 . Sensitivity of surface temperature to the altitude and latitude of (left) ozone, (middle) water vapor, and (right) methane changes. Shading shows relative impact on surface temperature, measured as radiative effect, from either (top) unit mass increases or (bottom) percentage increases applied at individual latitudes and altitudes (1 km thick layers). For each trace gas, the calculated radiative effects have been normalized to the respective maximum value. Red tones are indicative of warming, blue tones indicate cooling. The figure shows, for example, that the impact on surface temperature of an ozone unit mass change at 100 hPa at the equator is about a factor of 2 larger than the impact of the same change at 10 hPa. The figure follows a methodology outlined by Forster and Shine [1997] .
The model is well known for representing transport and mixing processes in the UTLS quite realistically. This has been shown by numerous intercomparisons of model results with measurements in the tropics and extra-tropics and for various seasons [e.g., Konopka et al., 2007; Grooß et al., 2008; Günther et al., 2008; Vogel et al., 2011] .
[18] The concept of deformation-induced mixing is motivated by the characteristics of stratospheric transport, where the large-scale horizontal flow gives rise to chaotic advection of tracers [Lorenz, 1963] . A prominent feature of this advection is the occurrence of pronounced streamers and filaments that have also been observed, for example, by highresolution satellite observations [e.g., Riese et al., 1999 Riese et al., , 2002 . Dissipation of these structures is associated with a scale collapse, which occurs in regions with strong shear rates. The Lagrangian approach is well suited for resolving small-scale structures such as elongated filaments associated with the scale collapse down to rather fine scales (a few tens of km in the case of CLaMS).
[19] The concept of deformation-induced mixing was successfully realized in CLaMS both in two and three dimensions [McKenna et al., 2002a; Konopka et al., 2004] . Unlike Eulerian transport models, CLaMS considers an ensemble of air parcels on a time-dependent irregular grid with an initial horizontal air parcel separation r 0 (here 100 km). Each transport step (here 24 h) consists of two parts: pure advection based on trajectory calculations (Dt = 1 h) and a subsequent calculation of mixing effects. During the advection step, parts of the grid undergo deformation caused by horizontal strain in the 2D (isentropic) version or by the coupled horizontal strain and vertical shear in the 3D version of CLaMS. In an incompressible flow, this deformation can be quantified by only one parameter g measuring the eccentricity of an ellipse as illustrated in Figure 2 . The deformation of the grid allows the scale collapse to be resolved down to r 0 Á exp(Àg). If the deformation parameter g exceeds a prescribed critical value g c , the grid is reordered by insertion or merging of air parcels, which leads to mixing. By this approach, the integral effect of mixing, which is the final step of the scale collapse, is coupled to the integral deformations in the flow over the time step of transport. The critical deformation parameter g c can also be expressed in terms of a critical Lyapunov exponent l c with g c = l c Á Dt.
[20] The first choice and validation of the deformation parameter for the 2D version of CLaMS was based on a qualitative reproduction of structures in stratospheric N 2 O fields observed by the CRISTA satellite instrument in early November 1994 McKenna et al., 2002a] . Konopka et al. [2005] refined this analysis by employing the probability density function (PDF) technique [e.g., Sparling, 2000] and found a lower limit for the critical deformation g c of 0.8 (l c = 0.8 day À1 , Dt = 24 h). This result turned out to be very robust with respect to different transport time steps (6 to 24 h) and different resolutions of the initial grid (e.g. 100 km and 200 km). Khosrawi et al. [2005] simulated PDFs for the CRISTA case using critical deformations of 0.75 and 1.2 and found rather small differences compared to differences with PDFs obtained from the Eulerian KASIMA (T106) model, which underestimates the strength of the observed tracer structures.
[21] CRISTA observations of N 2 O are characterized by a comparatively high spatial resolution for a satellite instrument of about 200 km horizontally and 2.5 km vertically. However, smoothing of atmospheric structures such as fine filaments by the instrument averaging kernels decreases the width of PDFs and results in an underestimation of the critical deformation rate. The 2D mixing scheme of CLaMS was therefore also applied to the analysis of filamentary structures in both long-lived (CH4, halon-1211) and chemically active species (ClONO 2 , and NO) measured (in situ) onboard the ER-2 during flights across filaments near the edge of the polar vortex in March 2000. These studies focused on the reproduction of observed correlations, in addition to the structure and variability of single tracers. Konopka et al. [2003] found the best consistency between observations and simulations for a critical deformation g c around 1.2 (l c = 1.2 day À1 , Dt = 24 h).
[22] For the 3D version, the observed correlations could be best reproduced for values of the critical deformation g c between 1.0 and 1.5 (l c = 1.5 day À1 ; Dt = 24 h) and a horizontal grid resolution between 100 and 200 km [Konopka et al., 2004] . Using a critical deformation of g c = 1.5 (l c = 1.5 day À1 ; Dt = 24 h), Konopka et al. [2007] studied transport across the tropical tropopause layer (TTL) and obtained a good correspondence between trace gas structures measured (in situ) on board the Geophysica aircraft over Brazil and corresponding CLaMS simulations. Grooß et al., , 2008 ] used a somewhat lower critical deformation of g c = 1.2 (l c = 1.2 day À1 ; Dt = 24 h) for studies of ozone loss processes in the Arctic winter stratosphere based on (in situ) observations on board Geophysica and found good agreement between observed and simulated tracer structures (e.g., for N 2 O as well. Finally, a recent study [European Space Agency, 2012] indicates that fine filamentary mixing structures Figure 2 . Deformation of a small circle with radius r 0 in the atmospheric flow. For sufficiently small values of r 0 and time steps Dt the resulting deformation can be approximated by an ellipse with minor and major axes r À and r + . For an incompressible flow both the elongation and the contraction rates of the ellipse can be expressed in terms of a single Lyapunov exponent l, i.e., r À /r 0 = exp(Àl Á Dt) and r + /r 0 = exp(+l Á Dt).
of polar air from midlatitudes, remotely observed by infrared limb-sounding from the research aircraft Geophysica, are well reproduced by CLaMS simulations using deformation rates g c of 1.2 and 1.5, with a slightly better agreement for the higher value. The study also indicates that current uncertainties in the atmospheric mixing strength could be significantly reduced by global observations employing the infrared limb-imaging technique ] that provides three-dimensional observations of high spatial resolution (0.75 km vertically; few tens of km horizontally) for a large number of atmospheric species including water vapor and ozone.
[23] While the remaining uncertainties of the Lyapunov coefficients were not so critical for previous studies focusing on episodes or mixing events, we show in Section 4 that they have a significant impact on simulated background fields of water vapor and ozone in the tropopause region in multiannual simulations.
ClaMS Setup
[24] For the simulations discussed in this paper, we used ERA-Interim reanalysis data for the trajectory calculation (advective part of transport). The vertical velocity above an altitude of about 300 hPa, the region of interest here, is deduced from the ERA-Interim forecast total diabatic heating rate, including the effects of all-sky radiative heating, latent heat release and diffusive heating as described in Ploeger et al. [2010] . Below this altitude, the vertical model coordinate smoothly transforms into an orography-following s-coordinate, with the vertical velocity transforming into the corresponding _ s [Mahowald et al., 2002] . [Haynes and Anglade, 1997] , expressing the ratio between horizontal and vertical scales [Konopka et al., 2007] . This results in a vertical resolution of about 400 m around the tropopause. Initial trace gas concentrations are prescribed from observational and model data at the lower model boundary. Water vapor values in the lower troposphere are prescribed by ECMWF. Freeze drying of water vapor (dehydration) is calculated based on a simplified cirrus treatment with a one hour time step. Freeze drying occurs as soon as the relative humidity exceeds 100%. Ice sedimentation is included in the dehydration scheme, based on the fall velocity of (spherical) ice particles [von Hobe et al., 2011] .
Radiation Code
[26] The radiation model used is from Edwards and Slingo [1996] , in the off-line version. The version used here employs 6 bands in the shortwave and 9 bands in the longwave and adopts a delta-Eddington 2 stream scattering solver at all wavelengths. This radiation model uses as its input monthly mean climatological cloud fields and surface albedo (averaged over the period from 1983 to 2005) from the International Satellite Cloud Climatology Project (ISCCP) [Rossow and Schiffer, 1999] . Clouds are added to three unique vertical levels corresponding to low, middle and high clouds. The standard climatological water vapor, temperature and trace gas data are based on ECMWF reanalysis data (for details, see Rap et al. [2010] ). This variant of the radiation code has been extensively tested against line-by-line models in Forster et al. [2011] , and was found to agree very well (better than 10% in the net forcing) for estimating forcing changes in tropospheric water vapor, tropospheric ozone and methane.
Simulation Results
[27] The radiative effects of uncertainties in atmospheric mixing strength are calculated by a two-step approach. First, the sensitivity of the simulated UTLS trace-gas distribution to uncertainties in the atmospheric mixing strength is determined. The resulting differences of trace gas concentrations are then converted into radiative effects in order to access the potential impact on climate projections.
[28] To determine the sensitivity of the trace gas fields to the mixing strength, we made two simulations that only differ in the value of the mixing parameter l c (critical Lyapunov exponent), 'a reference simulation' with a value of l c = 1.5 day À1 and an 'enhanced mixing simulation' with a value of l c = 1.2 day À1 . These particular values of the mixing parameter l c appear to be well inside the current uncertainty range for mixing induced by flow-deformation as discussed in Section 3.1. In the upper troposphere, the decreased static stability and the influence of unresolved convection add an additional dimension to the uncertainties in the representation of mixing in global atmospheric models.
[29] Figure 3 shows zonally averaged fields from the reference run for water vapor, ozone, nitrous oxide, and methane, respectively. The simulated fields resemble the main spatial structures found in climatologies obtained from satellite observations [cf. e.g., Grooß and Russell, 2005] . Figure 4 shows mixing ratio differences for the trace gases obtained from the reference simulation and respective values from the enhanced mixing simulation. Figure 5 shows the same but for percentage differences. The largest differences occur in the vicinity of the largest spatial gradients of the respective trace gases.
[30] As a result of enhanced mixing, an increase of water vapor concentrations in the extra-tropical lowermost stratosphere of 10 to 15% is found. This increase can mainly be attributed to differences in the quasi-horizontal (isentropic) transport of air masses from the upper tropical troposphere into the extra-tropical lowermost stratosphere, a process that is well captured by CLaMS. In terms of mixing ratio values, the largest differences for water vapor occur in the upper tropical troposphere. As mentioned above, these differences only reflect part of the mixing uncertainty, because the influence of unresolved convective effects may be rather large in the tropical upper troposphere.
[31] For ozone, enhanced mixing results in a significant increase in mixing ratios at the transition of the tropical to the extra-tropical tropopause (about 30%) and throughout the lower stratosphere. The altitudes of the largest increases coincide with the altitudes where changes have the largest impact on surface temperature (compare Figure 1) . [32] The corresponding annual mean radiative effects of this change in the atmospheric mixing strength are shown in Figure 6 . These radiative effects were calculated from horizontally and vertically resolved monthly mean trace gas distributions. [Rap et al., 2010] found for contrails a correlation between areas of contrail forcing and high cloud cover that necessitated the use of 6 hourly data in the forcing calculation. In our case, there is, however, very little correlation between water vapor forcing and high cloud cover, allowing us to employ monthly data for the calculation of the water vapor forcing.
[33] Figure 6 illustrates that the radiative effects of water vapor and ozone, both with steep gradients in the UTLS, are very sensitive to uncertainties in the mixing. For water vapor, the largest radiative effect is found at equatorial latitudes with values reaching about 1.5 W/m 2 . The globally averaged effect for water vapor at the top-of-the-atmosphere (TOA) is 0.72 W/m 2 . The global distribution of the radiative effects resembles the mixing ratio differences shown in Figure 4 , highlighting the large contribution of changes in the tropical upper troposphere. The increase of the water vapor concentration in the upper tropical troposphere in the enhanced mixing case will also modify the formation and microphysics of clouds and thus the radiative effects of clouds. An analysis of this highly uncertain contribution is, however, beyond the scope of our study.
[34] For ozone, the radiative effects are also found to be surprisingly large, reaching values of up to about 0.40 W/m 2 at middle and high northern latitudes. The global mean TOA radiative effect is 0.17 W/m 2 . The largest contribution to the radiative effect of ozone is provided by the lower stratosphere, highlighting the importance of a quantitative understanding of processes in the lower stratosphere for a quantitative representation of the ozone forcing.
[35] In contrast to H 2 O and O 3 , simulated radiative effects of N 2 O, and CH 4 , both relatively well mixed, turn out to be rather insensitive. Global mean TOA radiative effects for these two gases amount only to about À2 mW/m 2 and À0.5 mW/m 2 , respectively.
Summary and Discussion
[36] The representation of composition changes in the UTLS in climate prediction generally involves two major sources of uncertainty. The first is the definition of emission scenarios for anthropogenic greenhouse gases such as carbon dioxide and methane. The second is the representation of physical and chemical processes that affect the composition of the UTLS. An adequate representation of natural greenhouse gases such as water vapor and ozone, which exhibit large spatial gradients in the UTLS, relies on a realistic representation of transport in the atmosphere (e.g., stratospheretroposphere exchange). The underlying transport can be divided into two parts: (1) advection caused by horizontal and vertical winds and (2) mixing, the irreversible part of transport. While the influence of inadequate advection schemes has received some attention in the past [e.g., Stenke et al., 2008; Ploeger et al., 2010] , the impact of atmospheric mixing has not yet been evaluated. [37] We used the Lagrangian model CLaMS to study the impact of uncertainties in the atmospheric mixing strength on climate projections. In this model the degree of mixing can be controlled by a critical Lyapunov coefficient l c . The model has a particular strength in simulating transport and mixing effects in the vicinity of transport barriers (e.g., polar and sub-tropical jets) that are characterized by strong wind shear and large spatial gradients in a number of important greenhouse gases [e.g., Konopka et al., 2007; Vogel et al., 2011] . It is therefore also well suited for assessing the impact of uncertainties in the atmospheric mixing strength on climatological distributions of important greenhouse gases such as water vapor, ozone, CH 4 , and N 2 O in this region of the atmosphere.
[38] We determined this impact and associated radiative effects. For water vapor and ozone, annual mean globally averaged TOA radiative effects of 0.72 and 0.17 W/m 2 are found, respectively. For comparison, changes of the radiative forcing since 1980 due to well-mixed greenhouse gases, aerosols, and stratospheric water vapor are of the order of 1.0 W/m 2 [Solomon et al., 2010] . Solomon et al. [2010] derived the impact of this radiative forcing change on global surface temperature and found a value of about 0.4 K. The climate sensitivity of the model used for this assessment was 3 K for a doubling of atmospheric CO 2 .
[39] For ozone, the radiative effect of mixing uncertainties mainly results from changes in the stratosphere. The effect is as large as about 40% of the total anthropogenic tropospheric ozone forcing [Intergovernmental Panel on Climate Change, 2007] . The radiative effect of stratospheric ozone due to mixing uncertainties is the most reliable result of our simulations, because transport and mixing in the stratosphere are particularly well represented in CLaMS and changes in ozone are not correlated with changes in clouds. Figure 7 indicates that the simulated radiative forcing effects of ozone are on average about equally important as water vapor effects at middle and higher latitudes. The relative importance of simulated ozone effects increases from middle to higher latitudes.
[40] The radiative effects for water vapor and ozone are relatively high compared to the effects simulated for methane and nitrous oxide. This is mainly a result of the extremely steep mixing ratio gradients of water vapor and ozone in the UTLS and the corresponding sensitivity to uncertainties in transport schemes. Ozone values are particularly sensitive to mixing uncertainties in the lower stratosphere. At the same time, ozone changes in the lower stratosphere have the largest impact on the ozone radiative forcing (see Figure 1) . This finding highlights the importance of a quantitative understanding of mixing processes in this region of the atmosphere.
[41] Acknowledgments. The work presented here was partly funded by the European Space Agency (ESA) as part of the project "PREMIERQuantification of Atmospheric Pollution and Climate Aspects" under Request for Quotation AO/1-6340/09/NL/CBi. We sincerely thank the responsible ESA officer, Jörg Langen, and the whole study team for very fruitful discussions. The work of Alexandru Rap was supported by the UK NERC grant NE/G005109/1. 
